Instrument comparison for Aerosolized Titanium Dioxide by Ranpara, Anand
Graduate Theses, Dissertations, and Problem Reports 
2014 
Instrument comparison for Aerosolized Titanium Dioxide 
Anand Ranpara 
Follow this and additional works at: https://researchrepository.wvu.edu/etd 
Recommended Citation 
Ranpara, Anand, "Instrument comparison for Aerosolized Titanium Dioxide" (2014). Graduate Theses, 
Dissertations, and Problem Reports. 7342. 
https://researchrepository.wvu.edu/etd/7342 
This Thesis is protected by copyright and/or related rights. It has been brought to you by the The Research 
Repository @ WVU with permission from the rights-holder(s). You are free to use this Thesis in any way that is 
permitted by the copyright and related rights legislation that applies to your use. For other uses you must obtain 
permission from the rights-holder(s) directly, unless additional rights are indicated by a Creative Commons license 
in the record and/ or on the work itself. This Thesis has been accepted for inclusion in WVU Graduate Theses, 
Dissertations, and Problem Reports collection by an authorized administrator of The Research Repository @ WVU. 
For more information, please contact researchrepository@mail.wvu.edu. 




Master’s	  Thesis	  submitted	  to	  	  
BENJAMIN	  M.	  STATLER	  COLLEGE	  OF	  ENGINEERING	  AND	  MINERAL	  RESOURCES	  
At	  West	  Virginia	  University	  
In	  partial	  fulfilment	  of	  the	  requirements	  for	  the	  degree	  of	  	  
Master	  of	  Science	  of	  Industrial	  Hygiene	  	  
	  
Dr.	  Steven	  Guffey,	  Ph.D.,	  Chair	  
Dr.	  Wafik	  Iskander,	  Ph.D.	  
Dr.	  Ryan	  LeBouf,	  Ph.D.	  
Department	  of	  Industrial	  Mining	  and	  Safety	  Engineering	  	  
	  
Morgantown,	  West	  Virginia	  
2014	  





INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted.  Also,  if material had to be removed, 
a note will indicate the deletion.
Microform Edition © ProQuest LLC.
All rights reserved. This work is protected against
unauthorized copying under Title 17, United States Code
ProQuest LLC.
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor,  MI 48106 - 1346
UMI  1555129
Published by ProQuest LLC (2014).  Copyright in the Dissertation held by the Author.
UMI Number:  1555129
ABSTRACT	  
Instrument	  comparison	  for	  Aerosolized	  Titanium	  Dioxide	  
Anand	  Ranpara	  
Recent	  toxicological	  studies	  have	  shown	  that	  the	  surface	  area	  of	  ultrafine	  particles	  (UFP	  i.e.,	  particles	  
with	  diameters	  less	  than	  0.1	  micrometer)	  has	  a	  stronger	  correlation	  with	  adverse	  health	  effects	  than	  
does	  mass	  of	  these	  particles.	  Ultrafine	  titanium	  dioxide	  (TiO2)	  particles	  are	  widely	  used	  in	  industry,	  and	  
their	  use	  is	  associated	  with	  adverse	  health	  outcomes,	  such	  as	  micro	  vascular	  dysfunctions	  and	  
pulmonary	  damages.	  
The	  primary	  aim	  of	  this	  experimental	  study	  was	  to	  compare	  a	  variety	  of	  laboratory	  and	  industrial	  
hygiene	  (IH)	  field	  study	  instruments	  all	  measuring	  the	  same	  aerosolized	  TiO2.	  The	  study	  also	  observed	  
intra-­‐instrument	  variability	  between	  measurements	  made	  by	  two	  apparently	  identical	  devices	  of	  the	  
same	  type	  of	  instrument	  placed	  side-­‐by-­‐side.	  	  
The	  types	  of	  instruments	  studied	  were	  (1)	  DustTrak™	  DRX,	  (2)	  Personal	  Data	  RAMs™	  (PDR),	  (3)	  GRIMM,	  
(4)	  Diffusion	  charger	  (DC)	  and	  (5)	  Scanning	  Mobility	  Particle	  Sizer	  (SMPS).	  Two	  devices	  of	  each	  of	  the	  
four	  IH	  field	  study	  instrument	  types	  were	  used	  to	  measure	  six	  levels	  of	  mass	  concentration	  of	  fine	  and	  
ultrafine	  TiO2	  aerosols	  in	  controlled	  chamber	  tests.	  Metrics	  evaluated	  included	  real-­‐time	  mass,	  active	  
surface	  area	  and	  number/geometric	  surface	  area	  distributions,	  and	  off-­‐line	  gravimetric	  mass	  and	  
morphology	  on	  filters.	  DustTrak™	  DRXs	  and	  PDRs	  were	  used	  for	  mass	  concentration	  measurements.	  DCs	  
were	  used	  for	  active	  surface	  area	  concentration	  measurements.	  GRIMMs	  were	  used	  for	  number	  
concentration	  measurements.	  SMPS	  was	  used	  for	  inter-­‐instrument	  comparisons	  of	  surface	  area	  and	  
number	  concentrations.	  	  	  
The	  results	  indicated	  that	  two	  apparently	  identical	  devices	  of	  each	  DRX	  and	  PDR	  were	  statistically	  not	  
different	  with	  each	  other	  for	  all	  the	  trials	  of	  both	  the	  sizes	  of	  powder	  (p	  <	  5%).	  Mean	  difference	  between	  
mass	  concentrations,	  measured	  by	  two	  DustTrak	  DRX	  devices,	  was	  smaller	  than	  that	  measured	  by	  two	  
PDR	  devices.	  DustTrak	  DRX	  measurements	  were	  closer	  to	  the	  reference	  method,	  gravimetric	  mass	  
concentration,	  than	  the	  PDRs.	  Two	  apparently	  identical	  DC	  devices	  were	  statistically	  different	  with	  each	  
other	  for	  fine	  particles	  but	  not	  for	  UFP.	  DC	  devices	  and	  SMPS	  were	  statistically	  different	  with	  each	  other	  
for	  both	  sizes	  of	  particles.	  Two	  apparently	  identical	  GRIMM	  devices	  were	  statistically	  different	  with	  each	  
other	  for	  fine	  particles.	  For	  UFP,	  results	  of	  GRIMM	  device	  were	  statistically	  different	  than	  SMPS	  but	  not	  
for	  fine	  particles.	  These	  observations	  suggest	  that	  inter-­‐device	  within	  instrument	  and	  inter-­‐instrument	  
agreements	  depend	  on	  particle	  size	  and	  instrument	  characteristics	  to	  measure	  nanoparticles	  at	  different	  
concentration	  levels.	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ABSTRACT 
Recent toxicological studies have shown that the surface area of ultrafine particles 
(UFP i.e., particles with diameters less than 0.1 micrometer) has a stronger 
correlation with adverse health effects than does mass of these particles. Ultrafine 
titanium dioxide (TiO2) particles are widely used in industry, and their use is 
associated with adverse health outcomes, such as micro vascular dysfunctions and 
pulmonary damages. 
The primary aim of this experimental study was to compare a variety of laboratory 
and industrial hygiene (IH) field study instruments all measuring the same 
aerosolized TiO2. The study also observed intra-instrument variability between 
measurements made by two apparently identical devices of the same type of 
instrument placed side-by-side.  
The types of instruments studied were (1) DustTrak™ DRX, (2) Personal Data 
RAMs™ (PDR), (3) GRIMM, (4) Diffusion charger (DC) and (5) Scanning Mobility 
Particle Sizer (SMPS). Two devices of each of the four IH field study instrument 
types were used to measure six levels of mass concentration of fine and ultrafine 
TiO2 aerosols in controlled chamber tests. Metrics evaluated included real-time 
mass, active surface area and number/geometric surface area distributions, and off-
line gravimetric mass and morphology on filters. DustTrak™ DRXs and PDRs were 
used for mass concentration measurements. DCs were used for active surface area 
concentration measurements. GRIMMs were used for number concentration 
measurements. SMPS was used for inter-instrument comparisons of surface area 
and number concentrations.   
The results indicated that two apparently identical devices of each DRX and PDR 
were statistically not different with each other for all the trials of both the sizes of 
powder (p < 5%). Mean difference between mass concentrations measured by two 
DustTrak DRX devices was smaller than that measured by two PDR devices. 
DustTrak DRX measurements were closer to the reference method, gravimetric 
mass concentration, than the PDRs. Two apparently identical DC devices were 
statistically different with each other for fine particles but not for UFP. DC devices 
and SMPS were statistically different with each other for both sizes of particles. Two 
apparently identical GRIMM devices were statistically different with each other for 
fine particles. For UFP, results of GRIMM device were statistically different than 
SMPS but not for fine particles. These observations suggest that inter-device within 
instrument and inter-instrument agreements depend on particle size and 
instrument characteristics to measure nanoparticles at different concentration 
levels.  
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1. INTRODUCTION 
Nanotechnology is a rapidly growing, global industry. Worldwide investment in 
nanotechnology research and development has increased dramatically over recent 
years. By 2015, the global market for nanotechnology-related products is predicted 
to reach one trillion dollars and employ one million workers in the United States 
alone. (1) 
1.1 Nanoparticles  
Nanoparticles have aerodynamic diameters from 1 (i.e. 1 x 10-9 meters) to 100 
nanometers (nm). (2) Nanoparticles, sometimes also referred to as ultrafine 
particles (UFPs), are less than 0.1 micrometers in diameter, small enough to travel 
deep into the lungs and affect gaseous exchange across alveolar membranes. (3) 
UFPs increase mortality and hospital admissions by adversely affecting 
cardiovascular and respiratory systems. (4) The toxicological effects of particles are 
better related to surface area or particle count than to mass. (5) This is due, in part, 
because smaller particles penetrate further into the lung than do much larger 
particles. Thus, compared to larger particles, UFPs produce greater deposition per 
unit mass in the lung (6) and thus can lead to irreversible damage to target organs. 
(7) Hence, UFPs are more hazardous than larger particles because particle number 
and surface area concentration are inversely proportional to particle size for a given 
mass concentration.  
1.2 TiO2 Particles and health effects 
Ultrafine titanium dioxide (TiO2) particles are a concern in occupational health and 
safety due to their frequent use as photo catalysts to clean air and water, (8) as 
antibacterial agents on glass and steel, (9) and as components of many cosmetics 
and sunscreens. Inhalation of TiO2 nanoparticles initiates pulmonary responses 
such as airway inflammation, (10) alveolar macrophage recruitment, (11) and the 
activation of various growth factors and chemokines. (12) Ultrafine TiO2 particles 
are able to translocate to systemic sites, such as cardiovascular and blood vessels. 
(13-15) They can also enter the alveolar interstitium (16) and pulmonary capillaries 
(17) if they escape phagocytosis within 24 hours after pulmonary deposition. 
1.3 The choice of an appropriate exposure metric  
For industrial hygienists to develop safe methods for using nanoparticles, it is 
critical that they know the exposure-response relationships for nanoscale particles 
as used in the workplace.   
Kuhlbusch et al. [18] reviewed all available studies of nanoparticle exposures, 
including both real workplaces and laboratory experiments. They suggested 
simultaneous measurement of parameters other than only particle number 
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concentration, in the belief that they can better explain the size distribution of 
specific engineered nanoparticles in samples at given concentrations for various 
workplace exposures. (18).  
The Nanoparticle Emission Assessment Technique (NEAT), developed by the 
National Institute of Occupational Safety and Health (NIOSH), employs multi-metric 
approach to identify emission process. This approach involves direct-read, time-
integrated instruments, as well as filter microscopy and mass concentrations 
analysis from collected samples.(19, 20) Aerosol mass concentration has often been 
an important tool for assessing the risk of adverse health effects from exposure to 
relatively coarse particles. Occupational exposure limits (OELs) for coarse particle 
exposures are currently regulated using mass concentration as the exposure metric. 
(21) Nanoparticles feature high particle counts and high surface areas per unit 
mass. Neither can be determined reliably using mass concentrations. Thus, an 
exposure assessment using only mass concentration of nanoparticles may correlate 
poorly with their particle count and surface area because nanoparticles do not 
contribute much to the total mass despite their high numbers. (22) 
Oberdorster et al. (5)have proposed that particle surface area may be a more 
appropriate dose than mass for studying the pulmonary effects of ultrafine particles; 
at present no scientific consensus exists as to which is the more appropriate 
exposure metric for nanoparticles. Thus, until the relationship between exposure 
and response is known for each measurement type, a multi-metric sampling 
approach rather than a single mass-based concentration metric should be used for 
workplace exposure assessments. 
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2. PROJECT BACKGROUND   
Industrial exposure to widely used TiO2 aerosol particles is important to 
characterize to reduce the uncertainty regarding appropriate exposure metric that 
can explain health effects quantified from laboratory studies by toxicologists. The 
following sections describe the role of exposure metric to determine the health 
effect as well as comparisons within IH field study instruments and between 
appropriate IH field study instruments and laboratory instruments.  
2.1 Exposure metrics and health effects  
A disconnect exists between characterization techniques used in nanotoxicology 
studies and typical workplace exposure assessments. The latter typically rely on a 
single metric for exposure assessments, usually mass with or without some particle-
size selection. (18) Toxicology studies mainly use mass and (sometimes) equivalent 
surface area concentrations as exposure metrics for comparison to health outcomes. 
Equivalent surface area is calculated by multiplying mass and Brunauer-Emmett-
Teller (BET) specific surface area for the bulk material. The BET method determines 
the total specific surface area of a material by inert gas adsorption. However, BET 
surface area of the bulk material is different from airborne BET surface area using a 
filter-based gas adsorption method as well as active surface area or geometric 
surface area concentrations obtained from aerosol instruments commonly used in 
the field. (21, 22) Hence, more suitably characterizing nanoscale materials and 
exposure metrics would allow for a better understanding of the relationships 
between health effects and worker exposures.  
2.2 Inter-instrument comparisons 
Sampling of nanoparticles by instruments that work on different principles may 
provide better estimates of exposures.  Hence, it is very important to appropriately 
transform the collected information by time shifted (to keep measurements of all 
the instruments at same time) and unit shifted(to make every comparison at same 
unit for mass concentration, number concentration and surface area concentration) 
from each instrument to make it compatible for the other instruments when 
comparing results from different instruments.  
This project focused on how results from various instrument measurements differ 
for the same sampling conditions. Inter-instrument comparisons between 
measurements of IH field study instruments and laboratory instruments are 
especially important.   
2.3 Intra-instrument comparisons 
Intra-instrument comparison analyzed the difference between two supposedly 
identical devices of the same instrument type. Two devices of each the IH field study 
instruments were included to investigate intra-instrument comparisons. It may be 
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difficult to measure UFPs with a precision better than 25% due to variations within 
a single task producing concentrations that are highly variable [precision is based 
on a single instrument measuring the same condition repeatedly]. Therefore, the 
study focused to analyze the measurement for sixty minutes of gravimetric mass 
collection period where concentration was fairly constant.  Therefore, to measure 
human exposure to UFPs quantitatively requires including intra-instrument 
variability. This study will show the variability within each type of instrument for 
two devices that work on the same principle.  
2.4 Scanning Electron Microscopy (SEM) images 
SEM images (Figures 1, 2 and 3) suggested non-spherical nature of fine particles as 
well as UFPs. Sampling for microscopy failed during the UFP trials so the image in 
Figure 1 was taken from a study conducted by Dr. Ryan F. LeBouf in a different 
chamber for UFPs of the same TiO2 (different batch) as this study but at a 
gravimetric mass concentration of 2.4 mg/m3.  This characteristic of UFPs might 
affect IH field study instruments that are based on light scattering principle such as 
GRIMM, DRX and PDR as well as particle charging mechanisms like DC 
measurements and electrical mobility of particles like SMPS measurements. Various 
shapes of particles at different concentrations may be the reason for inter-
instrument variability and intra-instrument variability. Therefore, non-spherical 
nature of the particles support the differences between measurements of two 
devices of the same type of instrument and two different instruments for same type 
of exposure metric.  
 
Figure 1. SEM image for UFPs at 2.4 mg/m3 
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Figure 2. SEM image for fine particles at 3.4 mg/m3 
           
Figure 3. SEM images for fine particles at 13.3 mg/m3  
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3. RESEARCH QUESTIONS 
The study is focused on two types of comparisons mentioned below in the research 
questions.  
 How do measurements from laboratory and industrial hygiene (IH) field 
instruments compare for aerosolized TiO2? 
 How do measurements from two supposedly identical devices of the same IH 
field instrument compare for aerosolized TiO2?  
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4. PURPOSE 
The overall goal of the experimental project is to compare and analyze the 
variability between (inter-instrument comparisons) and within (intra-instruments 
comparisons) the measurements of two sets of instruments: IH field instruments 
and laboratory instruments. Studies have demonstrated that characterization of 
particle sizes of nanoparticles is essential for correlating the properties of 
nanoparticles, specifically with respect to their toxicity potential. (23-25) Mass 
concentration, surface area, and number concentrations, as well as chemical 
components are important characterizations of aerosolized nanoscale materials for 
accurate worker exposure assessments. (1, 21, 22)  
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5. SPECIFIC AIMS AND ACTIVITIES   
The tasks of the study are defined and described in the following sections.  
5.1 Aim No.1: 
Reconstruct a subset of the exposure scenarios employed by Nurkiewicz et al. (26) 
for both fine and UFPs particles at three mass concentration conditions (low, 
medium and high concentrations) (Table 1). The primary particle size of fine 
particles and UFPs are 500 and 21 nm, respectively. 
Table1: Exposure scenarios for reconstruction  
Particle size Mass Concentration 
(mg/m3) 












5.1a Activity No.1: 
Data was collected by both sets of instruments (IH field study instruments and 
laboratory instruments) for UFPs and fine particles, including low, medium and high 
concentrations of TiO2. Data was collected for 60 minutes after achieving a steady 
gravimetric mass concentration level for all the trials.  
5.1b Activity No. 2: 
Data logging procedure was done from every instrument into computer by specific 
software for the instrument.  
5.2 Aim No.2: 
Morphology analysis was done using field emission scanning electron microscopy 
(SEM: Model S-4800, Hitachi, Schaumburg, IL) using a closed-face cassette filter 
sample with a flow rate of 1.0 LPM. Duration was adjusted to load the filter with 
enough particles for microscopic analysis without overloading according to the 
equation below: 
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… (Equation 1) 
Personal communication Equation 1 was provided courtesy of Walter McKinney 
(CDC / NIOSH – Morgantown WV).  The parameters of the equation were 
determined through trial and error by examining various particle types and mass 
concentrations on filter samples under a Scanning Electron Microscope.  
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6. METHODOLOGY  
Fine particles and UFPs were generated in two different chambers. Experimental 
design and TiO2 particle generation processes are described in the following 
sections. The experiment reconstructed exposure scenarios from Nurkiewicz et al. 
(26) using IH and laboratory instruments to develop inter- and intra-instrument 
comparisons.  
6.1 Experimental Design for UFPs 
To reduce the potential formation of agglomerates due to weaker Van Der Waals 
forces, dry TiO2 powder was carefully prepared for generation by drying (to avoid 
agglomerate formation due to high humidity), sieving (to remove the large 
agglomerates), and storage (to prevent agglomerate attraction through contact 
charges). (26, 27) 
The exposure scenarios encompassed a range of concentrations (low, medium and 
high) in a West Virginia University (WVU) exposure chamber with TiO2 powders 
(Table 4). WVU exposure chamber-dimensions, front views of the chamber and port 
availability are shown respectively in Figures 4-6.  
 
Figure 4: Side view of exposure chamber with dimensions: Height of 1’ 6“, Width of 
3’ 5“, Depth of 2’ 1“and Area of 500 Liters (0.5 m3) 
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Figure 5: Front view of the chamber 
 
Figure 6: Internal view of the chamber 
6.2 UFP generation  
UFP TiO2 aerosols were generated with a vibrating fluidized bed, a Venturi vacuum 
pump and a cyclone separator (Figure 7). The dry powder rested on a filter 
supported by a metal air distributor in the vibrating fluidized bed. The Venturi 
vacuum pump connected to the exit port of the fluidized bed blows a high velocity 
air-jet across a constriction in a pipe, thus drawing in air (and particles) and 
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effectively agglomerating particles into the Venturi vacuum pump.  The large 
agglomerates were broken up by impaction and high-speed shear flow in the 
Venturi vacuum pump, followed by injecting the aerosols into a cyclone separator. 
 
Figure 7: WVU inhalation exposure facility schematic for the generation of UFP TiO2 
aerosols  
6.3 Experimental Design for Fine particles 
The exposure scenarios encompassed a range of concentrations (low, medium, high) 
in a Health Effects Laboratory Division (HELD) exposure chamber with fine TiO2 
powders. A front view of the chamber is shown in Figure 8. 
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Figure 8: Side view of exposure chamber with dimensions: height of 14.5“, width of 
5.9“, depth of 10.4”and area of 19 Liters (0.019 m3) 
6.4 Fine TiO2 particle generation  
A fluidized bed aerosol generator was used to aerosolize dry powders in the 0.1-20 
μm range of particles diameter. The powder was fed into the fluidized bed by a 
variable speed bead-chain. Filtered air entering from beneath the fluidized bed 
carried the particles to the outlet at 12 liters per minute (LPM). Size classifier at the 
outlet selects desired size distribution due to constant dust flow. The continuous 
motion of the large beads in the fluidized bed breaks up agglomerations of the fine 
particles (Figure 9).  
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Figure 9: HELD inhalation exposure facility schematic for the generation of fine TiO2 
aerosols 
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7. APPARATUS 
Reconstruction of Nurkiewicz’s study included two sets of instruments with their 
individual characteristics listed in Table 2. Since instrument operating principles 
vary by instrument, the same metric may be measured differently by different 
instruments. Hence, it is important to understand the basic principles of all the 
instruments used in the study and their operating parameters such as flow rate, 
time between measurements, and accuracy.  
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Table 2: Characteristics of IH instruments and laboratory instruments (number of 
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1 All mg/m3 60 min ±11.04% 







3 min Conc. 
+15% 
Size +2% 
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Set 1. Industrial hygiene instruments 
IH field study instruments are described below according to their operating 
principle.  
i. Optical particle counter 
1.   GRIMM Aerosol Spectrometer and Dust Monitor (Model 1.108, GRIMM 
Technologies, Inc., Douglasville, GA): It continuously measures particle number 
concentration (No. of particles/liter) based on optical light scattering principle 
(Figure 10). GRIMM Aerosol Spectrometer and Dust Monitor (Model 1.108, GRIMM 
Technologies Inc.) is described as GRIMM in this document. Data was downloaded 






Figure 10: GRIMM (model 1.108, GRIMM Technologies Inc.) 
ii. Handheld condensation particle counter (CPC) 
 
1. CPC (model 3007, TSI Inc., Shoreview, MN): CPCs operate by drawing an 
aerosol sample continuously through a heated saturator, in which alcohol is 
vaporized and diffuses into the sample stream. The aerosol sample and 
alcohol vapor then pass together into a cooled condenser where the alcohol 
vapor becomes supersaturated and ready to condense. Particles present in the 
sample stream serve as condensation sites for the alcohol vapor. Once 
condensation begins, particles grow quickly into larger alcohol droplets and 
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Figure 11: CPC (model 3007, TSI Inc.) 
iii. Portable aerosol photometer 
 
1. DustTrak™ DRX (Model 8533, TSI Inc.): It gives real-time, simultaneous 
measurements of mass and size fractions of aerosols using light scattering 




Figure 12: DustTrak™ DRX (Model 8533, TSI Inc.) 
2. Personal DataRAM™ (Model pDR-1200, Thermo Electron Corporation, 
Franklin, MA): This device works on the principle of light scattering and has a 
sensing configuration that has been optimized for measurement of the 
respirable fraction of airborne dust in industrial setting as well as indoor and 
outdoor environments, while incorporating temperature and relative 
humidity (Figure 13).  Personal DataRAM™ (Model pDR-1200) is mentioned 
as PDR in this document. Data was downloaded from instrument using PDR-
COM. Software version 1.61. 
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Figure 13: PDR DataRAM- Thermo Electron Corporation Model pDR-1200 
iv. Active surface area monitor 
Diffusion charger (DC: Model 2000 EcoChem, League City, TX): The DC 2000CE 
diffuse charges particles by using a corona discharge (Figure 14). Data was 
downloaded from instrument using Air quality monitor data acquisition software. 
 
Figure14.  Diffusion charger (Model 2000 EcoChem) 
Set 2. Laboratory instruments  
Scanning Mobility Particle Sizer (SMPS) system is used in the study as a laboratory 
instrument and gravimetric mass concentration method is used as laboratory 
technique for inter-instrument comparisons.  
1. Scanning Mobility Particle Sizer (SMPS) system: 
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It includes SMPS (Series 3080 Electrostatic Classifier, TSI Inc.), Condensation 
particle counter (Model 3775, TSI Inc.) and Differential Mobility Analyzer (DMA: 
Model 3081, TSI Inc.), 
This instrument consists of a Kr-85 bipolar charger that neutralizes the charges of 
particles, and a DMA, which separates particles based on their electrical mobility. 
Polydisperse, sub micrometer aerosol particles pass through a radioactive bipolar 
charger, thus establishing a bipolar equilibrium charge level on the particles. The 
particles then enter the DMA and are separated according to their electrical 
mobility. This parameter is inversely related to particle size and proportional to the 
number of charges on particles (Figure 15). Data was downloaded from instrument 
using Aerosol instrument manager software version 8.1.0. 
 
Figure 15: SMPS (TSI Series 3080 Electrostatic Classifier) and DMA (TSI model 
3081) 
Condensation particle counter (Model 3775, TSI Inc.): This device works by drawing 
an aerosol sample continuously through a heated saturator where the aerosol 
sample stream is then infused by vaporized butanol (Figure 16). Both the aerosol 
sample and butanol vapor pass into a cooled condenser where the butanol vapor 
becomes supersaturated and forms condensed nuclei surrounded by aerosols. Once 
condensation begins, particles quickly grow into larger droplets and pass through 
an optical detector where they are counted easily. In addition to counting particles, 
this device can be used to measure particle size distribution, as part of SMPS 
spectrometry. 
DMA 3081 
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Figure 16: CPC (TSI model 3775) 
 
2. Gravimetric mass collection: 
Gravimetric mass was collected on 47 mm Teflon filters with 0.2 μm pore size for 60 
minutes at a flow rate of one LPM for both particle sizes. Gravimetric mass 
concentration from collected gravimetric mass is calculated by following Equation 
2: 
                             
 
                                                                    
                 
 
… (Equation 2) 
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8. METHODS 
Measurements from each device were collected for 60 minutes after a stable 
concentration had been achieved. In addition, temperature, relative humidity, and 
pressure in the chamber were monitored throughout the aerosol generation. 
Data was collected for both particle sizes at each of the six aerosol concentrations. 
Out of the collected data, only data, during sixty minutes of gravimetric mass 
collection was analyzed for all the comparison. All the instruments recorded 
measurements for both sizes (fine and UFPs) of aerosolized TiO2 particles with 
various concentrations at same time on the given day. The step-by-step data 
collection process is listed below:  
1. Quality control and check for port availability and instrument set-ups.  
2. Fine particles measurement at six concentration levels.  
3. UFP measurements at six concentration levels. 
Instrument measurement homogeneity was assessed at each port to check if they 
affected measurement consistency. All the instruments were attached to the ports 
using a 3-foot section of non-conductive tubing to reduce line losses. (28) Figure 17-
20 show pictures of instruments around the inhalation chamber.   
Samples were collected on 25 mm polycarbonate membrane filters with 0.2 μm pore 
size for off-line microscopic analysis before and after the gravimetric mass 
collection of fine particles. The samples for microscopy were collected from the 
same port of gravimetric mass collection as both have got the same flow rate (one 
LPM). Duration of sampling for microscopy was calculated according to gravimetric 
concentrations of the trial, mentioned in equation above. SEM images are mentioned 
in result section for morphological analysis of fine and UFPs. 
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Figure 17: Instrument set up in the HELD chamber  
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Two GRIMMS  
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Figure 20: Instrument set up (SMPS system) 
As different types of instruments use different principles to characterize an aerosol 
attribute such as particle number or surface area concentration, it is important to 
categorize the comparisons according to an appropriate exposure metric. For 
example, gravimetric mass collection on the filter as a laboratory technique is 
compared with mass concentration measurements of DRXs and PDRs as IH field 
study instruments. Such comparisons can also be analyzed for surface area 
concentrations and particle number concentrations between IH field study 
instruments and laboratory instrument. Table 3 shows comparisons between 
laboratory instruments and IH field study instruments that were analyzed for the 
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Table 3: Inter-instrument comparisons  
  
Exposure metric Inter-instrument comparisons 













Surface area concentration 
(m2/m3) 
SMPS surface area 
concentration 
DC 
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9. DATA MANAGEMENT AND STATISTICAL ANALYSIS 
Information regarding data selection, data manipulation and analysis of the selected 
data is described in the sections below.  
9.1 Data selection:   
Different trials were conducted on different days. Information regarding trials for 
both sizes of aerosols and timings for the gravimetric mass collection is presented in 
Table 4.  
Table 4: Information regarding trials and gravimetric mass collections 
 
 











1 UFPs Medium 12:30-1:30 5.5 6 
2 UFPs High 2:36-3:36 9.2 12 
3 UFPs Low 1:58-2:58 1.33 1.5 
4 UFPs High 12:24-1:24 10.8 12 
5 UFPs Medium 1:42-2:42 5.8 6 
6 UFPs Low 1:00-2:00 1.66 1.5 
1 Fine Low 2:25-3:25 3.43 3 
2 Fine Low 10:55-11:55 3.17 3 
3 Fine Medium 1:56-2:56 5.58 6 
4 Fine High 11:19-12:19 13.3 12 
5 Fine Medium 12:35-1:35 5.9 6 
6 Fine High 3:28-4:28 13.2 12 
 
GRIMM measures particle sizes larger than 0.3 µm in diameter. It does not measure 
primary particles of UFPs (21 nm). However, it may detect and measure 
accumulation mode particles or larger agglomerates formed due to aerosolization.  
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Originally, it was intended to test two apparently identical devices of GRIMM for fine 
particles and UFP. Unfortunately, one GRIMM device failed during all the trials of 
UFP, leaving only results of one GRIMM to compare with results of SMPS.  
Both CPCs stopped working during all the trials due to pump failure.  
9.2 Statistical assessment of data 
Collected data were analyzed to compare results within each pair of the same 
instrument and between different pairs of the instruments measuring the same 
exposure metric. Exposure metrics were mass concentration, number concentration 
and surface area concentration. Data analysis and results for all comparisons are 
discussed individually in the following sections. The data for all the instruments 
from was downloaded into separate Microsoft® Office 2010 (Santa Rosa, California) 
Excel files using particular software. All the excel files were collected into one file 
using SAS© version 9.3 (2011, SAS Institute Inc., Cary, NC,) software. Gravimetric 
mass collected for 60 minutes. The results of other instruments were collected over 
a longer period but only data collected during gravimetric mass collection period 
was analyzed.  
9.2a Intra-device comparisons 
Intra-device comparisons analyze the mean difference in measurements of the same 
device between two replicates. The experiment was designed to produce two 
replicates of each concentration level (low, medium and high) for both (fine and 
UFPs) particle sizes by achieving target gravimetric mass concentrations mentioned 
in Table 4. However, the same gravimetric mass concentration could not be 
achieved to produce replicates for each low, medium and high concentration levels 
(Table 5).   
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Table 5: Two pair of three achieved gravimetric mass concentrations for fine 












9.2b Inter-device within instrument comparisons 
Inter-device within instrument comparisons analyzes a pair of devices of the same 
instrument with each other for all the trials. A combined SAS data set was created to 
include measurements of all the devices for every instrument to compare those 
measurements of the devices within instrument. For example, measurement of one 
DRX was compared with the second DRX for the same exposure condition. This 
analysis was done by comparing measurement concentrations (as dependent 
continuous variable) of the devices of same type of instrument (as nominal 
independent variable) with each other for all trials according to particle size and 
appropriate gravimetric mass concentrations using software JMP® 10 (SAS Institute 
Inc. 2012, Cary, NC). Measurements between two devices of the same type of 
instrument were compared with each other using a matched pair t-test. Means, 
mean differences, and relative differences between two devices were used to 
compare two identical devices of the same instrument type. Relative difference is 
calculated according to Equation 3. P-values of each pair t-test were also used to 
determine the statistical significant difference between two devices of the same 
instrument type.  
 




Achieved Gravimetric mass 
concentrations 
 1st 2nd Difference 
Fine particles Low 3.43 3.17 0.26 
 Medium 5.58 5.9 -0.32 
 High 13.39 13.2 0.19 
UFP Low 1.38 1.87 -0.49 
 Medium 5.5 5.8 -0.3 
 High 9.2 10.8 -1.6 
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  … (Equation 3) 
Where RD =  
                                                    
 
                                                 
9.2c Inter-instrument comparisons  
Inter-instrument comparisons were conducted between IH field study instruments 
and laboratory instruments that have the same exposure metric mentioned in Table 
3. Different SAS data sets were combined into one SAS data set for IH field study 
instruments and laboratory methods to compare for each type of exposure metric 
mentioned in Table 3. For example, mass concentrations of two devices of both PDR 
and DRX (IH field study instruments) were compared individually with gravimetric 
mass concentration (Laboratory technique). This analysis was done by comparing 
measurements (as dependent continuous variables) of the devices for IH field study 
instruments (as nominal independent variable) with compatible measurements of 
laboratory instrument for all trials according to particle size and appropriate 
gravimetric mass concentrations using software JMP 10.  Each device of IH field 
study instrument was compared with appropriate laboratory instruments using 
matched pair t-test for mass concentration, number concentration and surface area 
concentration.  
Cohen et al. (29)concluded that the filter based sampling technique is the most 
versatile out of all the particle collection methods. Gravimetric filter weight is the 
most commonly used method to determine TiO2 particulates in air. (30-32) 
Therefore, gravimetric mass concentrations are considered as “true value” and used 
to estimate the relative differences with IH field study instruments that measure 
mass concentrations (DRX and PDR). Relative difference for inter-instrument 
comparison is calculated by equation 4. As gravimetric mass concentrations were 
used as a reference, relative differences between DRX and gravimetric mass 
concentrations as well as PDR and gravimetric mass concentrations were 
considered as bias for DRX and PDR, respectively.   
Both GRIMM and SMPS provide size distribution of the particles based on number 
concentration of the particles. However, size range for GRIMM (0.3 μm to 20 μm) is 
different than SMPS (0.01 μm to 0.5 μm). (Table 2) Therefore, data for both GRIMM 
and SMPS were manipulated to make the size range compatible for inter instrument 
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comparisons for analysis of number concentrations between both the instruments. 
For GRIMM, only data up to 0.5 µm was included for analysis of both sizes of 
particles with SMPS. For SMPS, only data up to 495.8 nm was included for analysis 
for UFP with GRIMM. Size adjusted number concentrations for both the instruments 
were mentioned in the result section 10.2b.  
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10. RESULTS  
Results for both types of comparisons: inter-device within instrument and inter-
instrument comparisons and morphology analysis are presented in the following 
sections.  
10.1 Equipment failure 
The aerosol generation system stopped inadvertently in the middle of the 
experiment before achieving the gravimetric concentration of 5.5 mg/m3 for UFP.  
That test run was not included in the analyses.  
10.2 Intra-device comparison  
Although the investigator attempted to produce the same concentrations on two 
different test days, it was not possible to create the same level of dust on the second 
day as the first (Table 6).  
Table 6. Analysis of gravimetric mass concentrations on two different instances 
Size of the 
particles 
Achieved Gravimetric mass collection 
1st 2nd Differences % Differences 
Fine particles 3.43 3.17 0.26 8.2% 
5.58 5.9 -0.32 -5.4% 
13.39 13.2 0.19 1.4% 
Averages 7.47 7.42 0.043  
UFP 1.38 1.87 -0.49 -26% 
5.5 5.8 -0.3 -5.2% 
9.2 10.8 -1.6 -15% 
Averages 5.36 6.15 -0.796  
 
10.2 Inter-device within instrument comparisons 
Results of the inter-device within instrument comparisons are discussed in the 
following sections according to mass concentration, number concentration and 
surface area concentration.  
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10.2a Inter-device within instrument comparisons for mass concentrations  
For both particle sizes, results of the two apparently identical devices of DRX and 
PDR were compared using matched pair t-tests. As shown in Tables 7 and 8 the 
results suggested that the pair of DRX devices were not significantly different 
(p>5%) and the pair of PDR were not statistically different from each other (p>5%). 
Two tailed p-values between two apparently identical DRXs were 51.54% and 
20.23% for fine particles and UFP respectively. Two tailed p-values between two 
apparently identical PDRs were 79.37% and 62.45% for fine particles and UFP 
respectively. Average mean differences and average relative differences between 
two DRXs were smaller than two PDRs. Average relative differences between two 
devices of both DRX and PDR were smaller for fine particles than UFP.  


















1 3.17 3.19 3.23 -0.05 1.5% 
2 3.43 3.29 3.17 0.12 -3.7% 
3 5.58 5.72 5.74 -0.02 0.3% 
4 5.9 6.05 5.86 0.19 -3.2% 
5 13.2 12.6 12.9 -0.37 3.0% 
6 13.4 13.02 12.5 0.50 -3.8% 
Average 7.45 7.31 7.25 0.06 -1.0% 
 
As shown on Figure 21, linear regression slopes of DRX devices with gravimetric 
mass concentrations had slopes of nearly unity and small offsets. The R2 values also 
were nearly 100%.   
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Figure 21: Inter-device comparison for fine particles for DRXs 
These results suggest that the measured values of the two devices were virtually 
identical for all the trials of fine particles.  
 
 
Figure 22: DRX 3006 vs DRX 3007 for Fine particles 
 
y = 0.9459x + 0.264 
R² = 0.9983 
y = 0.9437x + 0.2187 


































y = 0.9964x - 0.0359 

























DRX 3006 in mg/m3 
DRX 3006 vs DRX 3007
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1 1.38 1.44 1.41 0.02 2% 
2 1.87 2.32 2.27 0.05 2% 
3 5.8 6.82 7.33 -0.51 -7% 
4 9.2 8.29 8.34 -0.05 -0.6% 
5 10.8 13.52 14.24 -0.72 -5% 
Average 5.81 6.48 6.72 -0.24 -2% 
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Figure 23: Inter-device comparison for UFP for DRXs 
 
Figure24: DRX 3006 vs DRX 3007 for UFP 
Results of two supposedly identical devices of PDR were presented in Table 9 and 
Table 10 for fine particles and UFP, respectively. Mean values for each device of 
PDR; mean differences between two PDR devices and relative differences between 
two PDRs were mentioned to compare the results of two PDR. For the both sizes of 
powder, two tailed matched pair t-test resulted into p-values > 5%. That suggested 
that two supposedly identical PDRs were not statistically different. The devices are 
better correlated with each other for different gravimetric mass concentrations of 
fine particles than UFP (Figure 25-28).  
y = 1.1183x - 0.0195 
R² = 0.9348 
y = 1.1749x - 0.1066 
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DRX 3006 vs
DRX 3007
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1 3.17 6.73 6.51 0.2169 3% 
2 3.43 6.33 3.85 2.4764 64% 
3 5.58 11.7 12.1 -0.4314 -3% 
4 5.9 12.1 12.5 -0.3486 -3% 
5 13.2 25.8 28.3 -2.4885 -9% 
6 13.4 25.2 23.4 1.7380 8% 
Average 7.45 14.6 14.4 0.1938 10% 
See Figure 25 for linear regression graph for both PDR devices to gravimetric mass 
concentrations including slope and R2 values.  
 
Figure 25: Inter-device comparison for fine particles for PDRs 
y = 1.8725x + 0.6969 
R² = 0.9958 
y = 1.9966x - 0.4206 
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Figure 26: PDR 6239 vs. PDR 6324 for fine particles 
Table 10: Inter-device comparison between two PDRs for UFP 















1 1.38 0.120 0.789 -0.668 -85% 
2 1.87 0.914 0.903 0.011 1% 
3 5.8 4.02 3.45 0.567 16% 
4 9.2 4.56 5.25 -0.685 -13% 
5 10.8 7.94 5.76 2.18 38% 
Average 5.81 3.51 3.23 0.281 -8% 
y = 1.0776x - 1.3292 
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Figure 27: Inter-device comparison for UFP for PDRs 
 
 
Figure: 28: PDR 6239 vs. PDR 6324 for UFP 
y = 0.7115x - 0.624 
R² = 0.9238 
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10.2b Inter-device within instrument comparison for number concentrations 
For fine particles, results of the two apparently identical devices of GRIMMs were 
compared using matched pair t-tests. As shown in Tables 11 the results suggested 
that the pair of GRIMM devices was significantly different (p>5%) and the pair of 
PDR were not statistically different from each other (p<5%). Two tailed p-value 
between two apparently identical GRIMMs was 0.67% for fine particles.  



















3.17 1.93E+07 2.40E+07 -4.67E+06 -20% 
3.43 1.83E+07 2.23E+07 -3.95E+06 -18% 
5.58 3.17E+07 3.68E+07 -5.04E+06 -14% 
5.9 3.39E+07 3.76E+07 -3.66E+06 -10% 
13.2 4.40E+07 4.38E+07 2.50E+05 0.5% 
13.4 4.44E+07 4.78E+07 -3.38E+06 -7% 
Average 3.20E+07 3.54E+07 -3.41E+06 -11% 
 
Both the devices had the same regression slope (2*106) with R2 values higher than 
80% (Figure 29). This observation may be caused by better fine aerosol generation 
inside the chamber. Relative differences between two supposedly identical GRIMM 
devices were somewhat lower with increases in gravimetric mass concentrations.  
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Figure29: Inter-device comparison for fine particles for GRIMMs 
 
Figure 30: GRIMM 44 vs. GRIMM 45 for fine particles 
10.2c Inter-device within instrument comparison for surface area concentrations 
For fine particles, results of the two apparently identical devices of DC were 
compared using matched pair t-tests. As shown in Tables 12 and 13, the results 
y = 2E+06x + 1E+07 
R² = 0.8811 
y = 2E+06x + 2E+07 
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suggested that the pair of DC devices was significantly different (p<5%). Two tailed 
p-value between two apparently identical DC was 0.64% for fine particles. For UFP, 
results of the two apparently identical devices of DC were compared using matched 
pair t-tests. As shown in Tables 13 the results suggested that the pair of DC devices 
was significantly not different (p<5%). Two tailed p-value between two apparently 
identical DC was 12.19% for UFP.  
DC 256 had a measured flow rate of 1.25 LPM compared to the optimal flow rate of 
1 LPM. Therefore, relative difference between the results of DC 256 could be 
significantly different than DC 255. Though two devices have been compared with 
each other, manufacturer argued that instrument would auto-adjust the correction 
factor based on flow rate. That means surface area measurements by DC 256 were 
internally adjusted with flow rate of 1.25 LPM.   
There was not any trend observed for mean differences and bias between two DC 
devices across various concentration levels of fine particles as well as UFPs for 
surface area concentrations measured by DC.    
 























3.17 65.6 36.7 28.9 79% 
3.43 62.9 33.2 29.7 89% 
5.58 103 75.1 27.9 37% 
5.9 96.4 69.2 27.2 39% 
13.2 182 101.3 80.7 80% 
13.4 166 100.8 65.4 65% 
Average  113 69.4 43.3 65% 
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Figure 31: Inter device comparisons between two DC devices for fine particles 
 
 
Figure 32: DC 255 vs. DC 256 for fine particles 
 
y = 10.68x + 33.176 
R² = 0.9751 
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1.38 107 90.5 16.8 18% 
1.87 44 32.9 10.8 34% 
5.8 78 58.8 19.2 33% 
9.2 266 116 149 129% 
10.8 208 149 58.8 40% 
Average  140 89.5 51.0 51% 
 
Figure 33: Inter-device comparisons between two DC devices for UFP 
 
y = 18.005x + 35.84 
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 p. 50 
 
Figure 34: DC 255 vs. DC 256 for UFP 
 
10.3 Inter-instrument comparisons  
Inter-instrument comparisons were analyzed using matched pair t-test to determine 
whether measurements using pairs of different instruments were significantly 
different from each other. Results of this comparison were analyzed separately for 
each of the three exposure metrics: mass concentration, surface area concentration 
and number concentration.  
10.3a Inter-instrument comparison for surface area concentration 
Active surface area concentrations measured by DC 255 and DC 256 were compared 
with surface area concentration calculated by the SMPS in square meter per cubic 
meter using matched pair t-test (Tables 14 and 15).  
For both sizes of particles, two tailed p-values for matched pair t-test between DC 
and SMPS were statistically significant at p<5%.  Two tailed p-values between 
results of DC 255 and SMPS as well as DC 256 and SMPS were 0.85% and 0.34% 
respectively for fine particles and UFP. Hence, measurements using both the DC 
devices were statistically different than SMPS.  These deviations between 
instruments might have been caused by different charging mechanisms. In addition, 
DC measures surface area based on charge and SMPS calculates surface area from 
number concentration and an assumption of spherical particles. Secondly, DCs were 
calibrated by the manufacturer with carbon nano particles and SMPS was calibrated 
by the manufacturer with Arizona road dust.   
y = 0.4256x + 29.696 
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A linear trend is observed for mean differences of measurements of both DC devices 
with measurements of SMPS across the gravimetric mass concentrations for both 
sizes of particles. Mean differences between measurements of both the instruments 
increase with increase in gravimetric mass concentrations (Figure: 33-36).  




























3.17 6.30E-05 3.30E-05 3.57E-03 -3.50E-03 -3.50E-03 -98% -99% 
3.43 6.60E-05 3.70E-05 3.48E-03 -3.40E-03 -3.40E-03 -98% -99% 
5.58 1.03E-04 7.50E-05 5.91E-03 -5.80E-03 -5.80E-03 -98% -99% 
5.9 9.60E-05 6.90E-05 6.69E-03 -6.60E-03 -6.60E-03 -99% -99% 
13.2 1.66E-04 1.01E-04 1.23E-02 -1.21E-02 -1.22E-02 -99% -99% 
13.4 1.82E-04 1.01E-04 1.39E-02 -1.37E-02 -1.38E-02 -99% -99% 
















y = 0.0009x + 0.0006 
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Figure 36: Comparing SMPS and DC 255 for fine particles 



























1.38 1.07E-04 9.00E-05 4.50E-03 -4.40E-03 -4.40E-03 -98% -98% 
1.87 4.40E-05 3.30E-05 5.80E-03 -5.80E-03 -5.80E-03 -99% -99% 
5.8 7.80E-05 5.90E-05 1.61E-02 -1.60E-02 -1.60E-02 -100% -100% 
9.2 2.66E-04 1.16E-04 2.73E-02 -2.70E-02 -2.71E-02 -99% -100% 
10.8 2.08E-04 1.49E-04 3.01E-02 -2.99E-02 -3.00E-02 -99% -100% 









0.01383 y = 0.0009x + 0.0006 
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Figure 37: Comparing SMPS and DC 255 for UFPs 
 
 
Figure 38: Comparing SMPS and DC 256 for UFPs 
10.3b Inter-instrument comparison for number concentration 
For fine particles, two tailed p-values for matched pair t-test between GRIMM 
devices and SMPS were statistically not significant at p>5%.  Two tailed p-values 
between results of GRIMM 44 and SMPS as well as GRIMM 45 and SMPS were 
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test between GRIMM devices and SMPS were statistically significant at p<5%.  Two 
tailed p-values between results of GRIMM 44 and SMPS was 3.69%. Hence, 
measurements using GRIMM were statistically not different than SMPS for fine 
particles but UFP (Table 16 and 17).  
Table 16: Inter-instrument comparison of number concentration for fine particles 




in mg/m3  










GRIMM 44  
- SMPS 
GRIMM 











3.17 1.63E+10 2.01E+10 1.39E+10 2E+09 6.26E+09 18% 45% 
3.43 1.72E+10 2.16E+10 1.03E+10 6.94E+09 1.13E+10 68% 110% 
5.58 2.81E+10 3.28E+10 1.39E+10 1.42E+10 1.89E+10 103% 136% 
5.9 3.01E+10 3.34E+10 2.34E+10 6.66E+09 9.97E+09 28% 43% 
13.2 3.61E+10 3.88E+10 4.43E+10 -8.24E+09 -5.48E+09 -19% -12% 
13.4 3.58E+10 3.57E+10 5.29E+10 -1.71E+10 -1.72E+10 -32% -33% 
Average 2.73E+10 3.04E+10 2.64E+10 8.25E+08 3.96E+09 28% 48% 
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Figure 39: Inter-instrument comparison for number concentration between GRIMM 
devices vs SMPS for fine particles 
Table 17: Inter-instrument comparison of number concentration for UFPs between 

















1.38 3.08E+09 2.67E+10 -2.36E+10 -88% 
5.8 1.48E+10 6.71E+10 -5.23E+10 -78% 
9.2 1.88E+10 1.03E+11 -8.42E+10 -82% 
10.8 3.08E+09 1.13E+11 -1.10E+11 -97% 
Average 9.924E+09 7.75E+10 -6.75E+10 -86% 
y = 0.4138x + 2E+10 
R² = 0.7249 
y = 0.3259x + 2E+10 
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Figure 40: Inter-instrument comparison for number concentration between GRIMM 
44 vs SMPS for UFP 
 
10.3c Inter-instrument comparison for mass concentrations 
Results from a pair of each of the two IH field study instruments (DRX and PDR) 
were compared with laboratory gravimetric mass concentrations.                                                                                                                                                                                                                                                                     
Inter-instrument mass concentrations were compared between the results of both; 
DRX and PDR with gravimetric mass concentrations for the trial.  
For both the sizes of particles, matched pair t-tests between DRX devices and 
gravimetric mass showed non-significance at p>5%. For fine particles, two tailed p-
values between DRX 3006 and gravimetric mass concentrations, as well as, DRX 
3007 and gravimetric mass concentrations were respectively 32.4% and 22.84%. 
For UFP, two tailed p-values between DRX 3006 and gravimetric mass 
concentrations, as well as, DRX 3007 and gravimetric mass concentrations were 
respectively 32.92% and 28.71%. That suggests that the results of DRX devices were 
not different than gravimetric mass collections. DRX devices predicted the 




y = 0.2075x - 1E+09 
































SMPS number conc. in count/m3 
GRIMM 44 vs
SMPS
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Table 18: Inter-instrument comparison of mass concentration for fine particles 

























3.17 3.19 3.23 0.02 0.06 0.63% 1.89% 
3.43 3.29 3.17 -0.14 -0.26 -4.08% -7.58% 
5.58 5.72 5.74 0.14 0.16 2.51% 2.87% 
5.9 6.05 5.86 0.15 -0.04 2.54% -0.68% 
13.2 12.6 12.9 -0.6 -0.3 -4.55% -2.27% 
13.4 13.02 12.5 -0.38 -0.9 -2.84% -6.72% 
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Table 19: Inter-instrument comparison of mass concentration for UFPs between 

























1.38 1.44 1.41 0.06 0.03 4.35% 2.17% 
1.87 2.32 2.27 0.45 0.4 24.06% 21.39% 
5.8 6.82 7.33 1.02 1.53 17.59% 26.38% 
9.2 8.29 8.34 -0.91 -0.86 -9.89% -9.35% 
10.8 13.52 14.24 2.72 3.44 25.19% 31.85% 
* Units in mg/m3  
For both the sizes of particles, matched pair t-tests between PDR devices and 
gravimetric mass showed significant differences at p<5%. For fine particles, two 
tailed p-values between PDR 6239 and gravimetric mass concentrations, as well as, 
PDR 6324 and gravimetric mass concentrations were respectively 0.78% and 
2.06%. For UFP, two tailed p-values between PDR 6239 and gravimetric mass 
concentrations, as well as, PDR 6324 and gravimetric mass concentrations were 
respectively 2.64% and 3.9%. That suggests that the results of PDR devices were 
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Table 20: Inter-instrument comparison of mass concentration for fine particles 

























3.17 6.73 6.51 3.56 3.34 112% 105% 
3.43 6.33 3.85 2.9 0.42 85% 12% 
5.58 11.7 12.1 6.12 6.52 110% 117% 
5.9 12.1 12.5 6.2 6.6 105% 112% 
13.2 25.8 28.3 12.6 15.1 95% 114% 
13.4 25.2 23.4 11.8 10 88% 75% 
* Units in mg/m3  
Table 21: Inter-instrument comparison for mass concentrations of UFPs between 
two PDR devices and gravimetric mass concentrations 
Gravimetric 





















1.38 0.12 0.789 -1.26 -0.591 -91.30% -42.83% 
1.87 0.914 0.903 -0.956 -0.967 -51.12% -51.71% 
5.8 4.02 3.45 -1.78 -2.35 -30.69% -40.52% 
9.2 4.56 5.25 -4.64 -3.95 -50.43% -42.93% 
10.8 7.94 5.76 -2.86 -5.04 -26.48% -46.67% 
* Units in mg/m3 
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11. LIMITATIONS 
 Major limitations of the study were only two sizes of the particles (fine and 
UFP) and only six different pre-determined gravimetric mass concentrations. 
Both were fixed at levels, which might not be representative of real world 
exposure scenarios.  
 The study was initially designed to determine intra-device variability by 
comparing measurements of the same device between two replications of 
three gravimetric mass concentration levels. However, study does not have 
sufficient sample size (or number of replications) to have sufficient power to 
evaluate intra-device variability.  
 One GRIMM failed during the trials of UFPs, so no inter-device within 
instrument comparison of number concentrations for UFPs could be 
performed.   
 Data analysis could not explain contribution of source of variability in 
measurement.  
 This laboratory study was done under particular range of temperature and 
relative humidity. Different levels of temperature and humidity were not 
evaluated to analyze the applicability of the conclusions in real world 
exposure conditions.   
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12. CONCLUSION  
 Two apparently identical devices of each DRX and PDR were statistically not 
different with each other for both the sizes of particles.  
 Two apparently identical devices of DC were statistically different with each 
other for fine particles but not for UFP. 
 Two apparently identical devices of GRIMM were statistically different with 
each other for fine particles.  
 Both the DRX devices were statistically not different with gravimetric mass 
concentration for both sizes of particles. However, PDR devices were 
statistically different with gravimetric mass concentration for both the sizes 
of particles. 
 DRX devices predicted gravimetric mass concentration better than PDR 
devices.  
 For UFP, result of GRIMM device was statistically different than SMPS but not 
for fine particles. 
 Active surface areas measured by both DC devices and surface area 
calculated by SMPS were statistically different with each other for both the 
sizes of particles.  
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13. DISCUSSION   
Nurkiewicz et al. (26) determined the concentrations for two sizes of TiO2 powder 
that have an association with health effects among rats in the inhalation chamber. 
However, the linkage between IH field study analysis for TiO2 exposure and 
laboratory quantification of health effects is missing.  A major output of the study is 
characterization of additional nanomaterial exposure metrics other than mass 
concentrations such as surface area and number concentration. The results of the 
study may be important to provide industrial hygiene practitioners with significant 
information regarding risk estimation of exposure to nanoscale materials.  
The results suggested that generally, there was not a statistically significant 
difference between a pair of apparently identical devices of the same instrument 
type and two different instruments for mass concentration measurements at any 
given experimental condition (p < 0.05). The mean difference in mass concentration 
between the pair of DRXs was smaller than the difference between the pair of PDRs. 
DRX can predict gravimetric mass concentrations with better accuracy than PDR. 
This observation for DRX is also consistent with Jee Young’s study for fine 
particles.(33)  
At different concentration levels, number concentrations for GRIMM devices were 
significantly different from each other for fine particles and with SMPS for UFP. 
However, for UFP, both GRIMM devices were statistically not different with each 
other.  Statistically significant difference between results of GRIMM and SMPS for 
UFP might be caused by ability of instruments to measure different range of particle 
size. Particle size range measured by GRIMM is 0.3 µm to 20 µm in the diameter 
compared to 14 nm to 661 nm by SMPS.   
Inter-device comparison for surface area analysis concluded that two devices of DC 
were significantly different for fine particle but not for UFP. This observed statistical 
difference might be due to different operating flow rates, contaminated corona 
charger and charging efficiency due to overuse of the instrument . Similarly, 
statistical difference between DC and SMPS surface areas for all trials can be 
explained either by charging inefficiencies of DC to measure surface area of UFPs or 
due to different principle by which surface area measurements calculated by SMPS. 
SMPS calculates surface area from number concentration and an assumption of 
spherical particles. SEM images suggested that particles are not necessarily 
spherical. DCs were calibrated by the manufacturer with different particle type than 
SMPS. 
Overall, results of this study may contribute to a better understanding of instrument 
comparisons for various concentrations of fine particles and UFPs. The conclusions 
will help address significant research gaps for characterizing key exposure 
parameters that are more associated with health outcomes than mass loadings or 
mass concentration alone. Incorporation of real-time monitors in animal toxicology 
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studies may become more prevalent due to the results of this study. This would 
increase the relevance of field measures of exposure to nanoscale materials. The 
project provides insight to understand the relationship between different exposure 
metrics used in toxicological studies and those used in field studies. It is possible to 
estimate the potential risk of exposure to workers and thereby, to take proactive 
and preventive measures. The study should be analyzed using more trials with 
different levels of mass concentrations, temperature and relative humidity to 
generalise the applications of the results in real world.  In addition, future aspects of 
the study can be linked to categorize the health effects of ultrafine TiO2 compared to 
fine TiO2 using various exposure metrics.  
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